Many survey instruments are used for both beta rays and photons. They should be designed to measure both the directional dose equivalent H'(0.07, D) for weakly penetrating radiation, in order to monitor the skin dose equivalent, and the ambient dose equivalent H*(10), in order to monitor effective dose. The energy range for weakly penetrating radiation covers maximum energies from 60 keV to about 3.6 MeV for beta rays, and from 1 keV to 15 keV for photons. Dose-rate meters for weakly penetrating radiation are also sensitive to higher energy phot.ons, which also contribute to the skin dose rate, Hp (0.07). They should, therefore, fulfill the requirements for energy and directional response over a photon energy range up to at least 1.25 MeV.
rate of survey meters should, therefore, be at least in the range of 20 to 200 p,Sv/h, compared with 1 to 10 p,Sv/h for the measurement of H*(10).
Ionization-chamber survey meters are often used in radiation fields close to sources such as surface contamination. In these circumstances, shallow detectors are required to give accurate results. The readings of survey meters with deep chambers may underestimate dose rates near the beta-ray entrance window, because the reference point for the calibration of survey meters is conventionally the center of the chamber. Large geometry-dependent correction factors may need to be applied to readings to give correct beta-ray and photon dose rates at short distances (Figure 10.4) . The characteristics of a given beta-ray instrument should be investigated carefully by the user to determine the change of response with source distance.
The responses of commercially available beta-ray dose-rate meters of the same manufacturer, may differ for low-energy beta rays (e.g., for an end-point energy of 0.2 MeV) by up to a factor of 2.5, which corresponds to a change of the beta window thickness of about 4 mg cm-2 (Heinzelmann and Uray, 1991).
Survey Measurements
Survey meters for measuring H' (O.07, D) are used at workplaces for the estimation of skin dose equivalent rates in beta-ray and photon fields. Directional dose equivalent usually varies with direction. In surveying for radiation protection, it is normally neither practical nor necessary to measure this variation. Instead, common practice is to orient the betaray detector to give. the maximum reading, and to assign this value to H'(0.07) at the point of measurement.
Ionization chambers are calibrated to indicate the dose -,:ate, H'(0.07, D), when used without a cover, and H*(10) when used with an appropriate cover about 5 to 10 mm thick. The difference of the two readings H'(0.07, D) -H* (10)] can be interpreted as the contribution of weakly penetrating radiation (beta rays and low-energy photons) to H' (O.07, D) . In mixed radiation fields, this contribution may be underestimated significantly because the contribution of ~igh energy photons is indicated .reasonably well by H*(10), but underestimated by H'(0.07) because of lack of secondary electron equilibrium in the thin window. In such fields, it is usually not practicable to separate contributions from beta-ray and low-energy photon doses by this technique. For measuringH'(0.07, D), shallow, large-area ionization chambers are recommended, while GM counters, even with so-called beta-ray windows, are not sufficiently accurate. Ionization chambers of small volumes (15 cm 3 ) with thin side walls have a flat beta-ray energy response. However, depending on the geometry of the detector volume and the distance of the source, they may either over-or under-estimate air-scattered beta rays entering through the side walls. For such a chamber, compared with an extrapolation chamber, Uray and Heinzelmann (1992) reported a significant change of 50% in the beta-ray response for the same 147Pm source and a flattening filter, when the distance was reduced from 20 cm to 15cm.
For routine monitoring of workplaces, survey instruments should provide an accurate measure of dose equivalent rate, at distances of 1 to 30 cm from the surface. In order to separate the contribution from weakly penetrating radiation and predict its attenuation in protective clothing, dose rate measurements at the actual workplace may be supplemented by measurements (Hankins, 1985a) using absorbers of different thicknesses in front of the beta-ray window (Figures 8.1 and 8.7) . From the resulting attenuation curve, and an additional spectrometric analysis of smear tests, it may be possible to identify the dominant beta emitter. In principle, the analysis of 100 ., Tissue equivalent thickness / mg'cm-2 Fig. 8 .1. Determination of the "hardness' of the beta-ray component of a mixed beta-gamma radiation field, by measuring dose equivalent rates behind tissue-equivalent absorbers of various mass thicknesses. Measurements are at a distance of 2 cm from a pressurised water pump at the Isar 1 Nuclear Power Plant. Curves: A, il'W.07); B, H*(10); C, il'W.07) -H*(10) (Heinzelmann, 1991). the radiation field and the determination of the radio nuclide composition may need to be performed only once for a particular working area, to provide data for establishing rules for radiation protection procedures.
A more accurate estimation of the spectrum from beta-ray and photon radiation can be provided by beta-ray and photon spectrometers, sometimes allowing the identification of the radionuclides in surface contamination or in hot particles.
Individual Monitoring

General Remarks
In personal dosimetry, two different dosimeters are used to measure separately H p (0.07), in order to monitor the skin dose equivalent, and H p (10) in order to monitor the effective dose. Personal dosimeters are usually worn on the chest or on a finger.
In many situations, measurement of H p (0.07) is made with an additional dosimeter worn on a finger or other extremity, by persons expected to receive a significant skin dose. In work with contaminated objects, the dose to the hands is usually considerably higher than that to the chest because the hands are so much closer to the source. Assuming distances from the source of 1 cm for the hand and 30 cm for the chest, and taking into account the absorption of low-energy (e.g., 6Ueo) beta rays in this air layer, the difference in dose rates for a small-area source could be more than 3 orders of magnitude. In these circumstances, a dosimeter worn on the chest will not indicate the hazard to the hands, and will be of very limited usefulness. Thus, for routine monitoring, the need for a skin dosimeter on the chest is often of minor importance. However, in circumstances where workers may be exposed at some distance from beta-ray sources of large area, doses to the hands and chest may be more nearly equal.
In routine monitoring, the correct positioning of an extremity dosimeter (on the finger, hand or wrist, depending on the expected geometry of irradiation) may be more important than the capability of accurately measuring doses from beta rays of low maximum energies. When extremity dosimeters are worn under protective gloves or when the analysis of the radiation field shows that low-energy beta rays are relatively unimportant, tissue-equivalent detectors having thicknesses exceeding 50 mg cm -2 and threshold beta-ray energies as high as 0.5 MeV may be acceptable (Piesch and Johns; 1983; Burgkhardt et al., 1990a) .
Detectors sensitive to beta rays only do not exist. Normally the measurement of H p (0.07) does not require a separation of beta-ray and photon dose contributions. However, when H p (0.07) has to be measured with detectors having a photon response that is an order of magnitude higher than the betaray response, a separation of beta-ray and photon contributions is essential in order to estimate the correction factor for determining the beta-ray dose.
Measurements in Mixed Beta/Photon Fields
Surface-sensitive detectors for beta rays are, in most cases, used in mixed beta-ray/photon radiation fields. For non-tissue-equivalent detectors, the uncertainties of beta-ray dose measurements may be strongly affected by the dosimeter design, because of variation of the photon response with energy. Even for ideally-thin beta dosimeters, the photon energy response may vary significantly, particularly with: (a) the degree of non-tissue equivalence of the detector material, (b) the activators in the TL material, (c) the materials used for the detector cover and holder, (d) whether the dosimeter is used on the hand or on the chest. Beta dosimeters for routine monitoring, therefore, have to be optimized in various ways with respect to the photon energy response.
In mixed beta/photon fields, not only the dosimeter construction but also the calibration technique has to be changed according to the exposure conditions. Because of differences in the photon backscattering from slab and finger phantoms, different photon conversion coefficients between fluence and H p (0.07) have to be used. The photon calibration of skin dosimeters relative to H p (O.07) has to be performed on a slab phantom for dosimeters worn at the chest, on a finger phantom for extremity dosimeters, or free in air for dosimeters used to measure H'(O.07). Because all these conditions may significantly affect 57 the accuracy of dose measurement in mixed beta/ photon fields, the photon energy response is discussed here in more detail, using actual beta-ray dosimeters as examples.
The energy deposited by photons in extremely thin TL or TSEE detectors, and thus the photon energy response of the dosimeter, depends on the composition of its cover and the surrounding holder rather than on the detector itself. Both the secondary electrons detected from the surroundings, and the absorption of low-energy photons in the detector are highly dependent on the effective Z of these materials (Figures 8.2, 8.5 ; Table 8 .1). For beta rays, the energy and directional responses of the dosimeter, relative to H p (0.07), depend mainly on the mass thicknesses of the detector and its cover.
For TLD's, the energy response depends also on the variation of the TL efficiency with energy, YJ(E). For example, the TL efficiency of highly sensitive LiF: Mg,Cu,P detectors (made by INP, Krakow) has a local minimum at photon energies around 80 keV (Olko et al., 1993; Bilski et. al., 1994) . The difference in the photon energy responses of LiF:Mg,Cu,P and LiF: Mg,Ti, in a finger-ring extremity dosimeter, is shown in Figure 8 .3 for TLD's of 0.03 mm thickness, sintered to an inactive base. Figure 8 .4 demonstrates the change in the photon response resulting from a change of the reference quantity from exposure, X, to H p (0.07) and thus the exposure condition of calibration from free-in-air to
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Photon energy / keV on a finger phantom. The finger-ring dosimeter consists of graphite-loaded LiF detectors covered by materials of different Z values (see also Table 8 .1). The use of detector materials that are not tissue equivalent for photons requires multi-element dosimeters and an evaluation algorithm to reduce the strong photon energy response that is caused mainly by the difference in the mass energy absorption coefficient relative to tissue as shown in Figure 8 .5. Thus, the maximum value of the photon energy response relative to that of 60CO gamma radiation is expected to be, for instance, 3.6 for glass dosimeters, 6 for Ab03 TL detectors, 12 for CaS04 TL detectors and 30-50 for film emulsions. Because of the attenuation of beta-rays in the detector material and the cover, most of these dosimeters can measure only high-energy beta rays and only if the beta-ray response is nearly comparable with that for 60CO photons. The photon energy dependence of these detectors in the lower-energy range is an additional factor r::- causing extremely large underestimation of beta-ray contributions. In contrast to multi-element dosimeters using thick detectors of tissue-equivalent materials, the actual skin-dose correction factor (see also Figure 7 .17) can not be estimated accurately enough because of the subtraction of the photon contribution, M 1 , from the total reading M = (M" + M 1 ). For CaS04 detectors, for which 40 keY photons may read high by a factor of 12, for instance, the photon contribution M1 indicated by the two "skin detectors" is about one order of magnitude higher than that of tissue equivalent detectors. These dosimeters may, therefore, not be capable of accurate measurements for beta dosimetry m mixed beta-photon radiation fields.
Dose Measurements
In radiation fields found in practice, the composition of the radio nuclides and thus the relative contributions of beta-ray and photon doses are often unknown. To analyze the field, different combinations of tissue-equivalent TL detectors may be used. A dosimeter containing at least two elements allows one to separate the components of weakly penetrating and strongly penetrating radiation (Ambrosi et ai., 1994) . For estimation of the skin dose equivalent as well as those to the lens of the eye and to the gonads, more information can be provided from the depth-dose distribution in tissue, which can be investigated experimentally in the range between 7 and 300 mg cm-2 by using a stack of at least three detectors of different thicknesses and cover compositions (Heinzelmann et ai., 1982 , Burgkhardt et ai., 1990b , Osanov, 1991 Sherbini et ai., 1985; Scherpelz et ai. 1983; Couch et ai., 1988) .
The use of six LiF detectors, varying in their thickness and cover, can provide depth-dose curves relative to H p (0.07) and thus a sufficiently complete analysis of the radiation field (Burgkhardt et ai., 1990b) (Section 7.10.3). Depth-dose distributions in fields of different beta/gamma ratios, occurring in different parts of the fuel cycle, are shown in Figure  8 .6. They are representative of the situation in actual beta-gamma radiation fields where significant skindose values are expected. In comparison with active detectors, TL detectors may provide more accurate doses in radiation fields of low dose rates. In mixed beta-ray and photon fields, the dominant radionu- 
59
clides, such as 58CO/60CO, 124Sb, 234mPa and 106Rh for example (Figure 8.6) , may determine the dose contributions of weakly penetrating and strongly penetrating radiation and their variation as a function of tissue depth. Such depth-dose distributions can be useful as the basis for radiation protection procedures in the workplace, in order (1) to estimate the expected attenuation of beta rays in protective clothing and gloves, (2) to estimate the dose equivalent in deeperlying organs, (3) to allow the use of thicker TL detectors in extremity dosimeters for higher beta-ray energies or, (4) to decide, on the basis ofthe expected dose equivalent rate, whether extremity dosimeters should be worn at all.
In mixed fields, an experimental depth-dose curve in tissue can often be used to determine dose distributions at other distances from the source. Burgkhardt et at., (1990a) showed how a depth-dose function, fed), measured in tissue equivalent material whose surface is at 5 cm from the source, can be applied either to other distances from the source (5 to 100 cm) or to additional tissue-equivalent absorbers between the source and detector. This approach permits estimation of the dose equivalent H' (d) at any tissue depth d, within about 15-20%. Typical depth-dose functions at 50 mm from various sources, f 50 (d), are shown in Figure 8 .6. They are used to estimate Hs'(d) at a given tissue depth of d mm and for variable source distances. For example, the beta dose equivalent Hs'(0.07) at other source distances, s, is given by: H~(0.07) = f s ' fa . Hf, o(0.07), (8.1) where fs is the ratio of measured H'(10) values at the distances sand 50 mm (correction for geometry by using the photon component), i.e., fs = H s '(10)/ H 50 '(10), and fa is the ratio of f(d) values for the tissue depth d s -50 +0.07, where d s is the tissue equivalent of air thickness s, and for the depth 0.07 (correction for beta-ray absorption in air), i.e., fa=f (d s -50 + 0.07) / f(0.07). This approach was experimentally verified for two sources of extended area. For d < 10 mm and for any source-to-detector distance s between 5 and 80 cm, the measured depth-dose curves are shown in Figure  8 .7 to be nearly coincident, after they have been corrected to a 5 cm source distance, using equation 8.1.
The distribution f 50 (d) can also be used to estimate Hp(d) in deeper-lying organs, such as the dose equivalent Hp(3) in the lens of the eye and HGO in the gonads, for different distances from the source (Table  8 .2). The dose equivalent HGO was obtained by integrating the function f 50 (d) over the testicular volume, represented by an ellipsoid. 
Effects of Clothing
In beta-radiation fields, the personal dose equivalent is affected by the attenuation of beta rays in air or by any additional absorbers in front of the point of interest on the body. The effect of protective clothing, which typically has tissue equivalent thicknesses of 50-300 mg cm, -2 depends on the average beta-ray energy. An example of the effects of clothing is given in Figure 8 .8 which shows the quotient of the average dose to the testes and H'(0.07), for beta rays of various maximum energies and for various thicknesses of protective material.
The use of thin-window ionization-chamber survey meters with an additional cap which simulates the actual protection of clothes, allows only a rough estimation of H p (0.07) behind clothing. The main disadvantages of this method are the insensitivity of the ionization chamber at low beta energies, the variation of its response with source-to-detector distance and, above all, the low sensitivity of shallow ionization chambers. A deep ionization chamber may underestimate the dose equivalent rate near contaminated surfaces by a factor of 5 to 10 depending on the energy of the beta rays. Because the beta-ray energy and angular responses of such a chamber are often poor, the effect of a cap on the chamber reading may be significantly different from its effect on H p (O.07) .
In addition, if gamma rays are present, the possible lack of secondary equilibrium without the cap can affect the determination of the beta-ray dose equivalent. Particularly in the case of deeper-lying organs such as the testes, calculated data are very useful for estimating the actual dose behind clothing, because the "effective depth" of the cells at risk varies with the maximum beta energy (see Section 2.1 and Table  8 .2). An example of the effects of clothing is given in Figure 8 .8 which shows the quotient ofthe mean dose to the testes and H'(0.07) for beta rays of various maximum energies and for various thicknesses of protective material. Measured or calculated data for typical clothing and point sources of specific nuclides may not be directly applicable to a particular radiation field, because of the variation of air attenuation with source-to-detector distance or because the betaray energy distribution may be unknown.
On the basis of measurements in the radiation field of interest, H' (d) for various values of d can be estimated either
(1) by field measurements using a number of tissue equivalent absorbers in front of the detector (see also Section 8.2.2), which yields an experimentally derived dose function f(d), and thus the value of H' (d) for any absorber layers or tissue depth of interest, or (2) by calculation from a known value of H'(0.07), taking into account absorbers subsequently placed in front of the body. As described in Section 8.2.3, the experimental depth-dose function fed) found in the radiation field encountered in practice, at a representative distance from the source, can be directly interpreted as dose equivalent H' (d) at the tissue depth d of the organ of interest. The function f(d) should be measured with a detector that has good energy and angular responses for beta radiation. If d s is the additional tissue equivalent layer of the protective clothing, the effective depth is then (d+d s ). The assumption that equal mass-thicknesses of clothing and tissue are equivalent is reasonable in view of their similar betaattenuation characteristics, shown in Table A .2 of Appendix A. The attenuation factor is given by the ratio f (d+d s ) / f (0.07), using, for example, a computer-stored fit of the experimental depth-dose function f (d), for a particular working area. In a mixed beta-photon radiation field, the personal dose equivalent Hp(d) transmission factors can be taken from tables such as C.16 in Appendix C. An approximate transmission factor is shown in Figure 8 .9 as a function of relative tissue depth xl Rmax. It depends on the maximum range, R max , and thus on the maximum beta energy, Emax. It is assumed that the value of Emax is known. For a low-Z material of density p, and for beta particles in the energy range between 0.05 MeV and 0.5 MeV, the maximum range Rmax is given approximately by (Piesch et al., 1983) p Rmax = -0.11 + [0.0121 + (E max /1.92)2]1/2, (8.4) where Emax is in MeV and pRmax in g cm-2 • Equation (8.4) can be used to estimate the approxi- Mass Thickness Img cm· 2 Fig. 8.10 . Transmission factor T (Em"", d+d,) as a function of the tissue equivalent layer (d+d s ) of the actual absorber d, for the estimation of H' (d) in the tissue depth d of interest. (Burgkhardt, 1995) . mate range of beta rays in tissue, in clothing or in other low-Z absorbers in front of the detector. For many materials of importance, more accurate values are given in Appendix B. In contrast to the experimental method, the calculational model is based only on a measured value of H'(0.07) and the assumed maximum beta energy Emax . It cannot be applied in mixed beta-photon radiation fields.
In order to approximate the attenuation in clothing on the basis of Equation (8.2), Figure 8 .10 gives directly the transmission factor as a function of the equivalent tissue thickness. It can be seen from Figure 8 .10 that for beta rays with maximum energies below 0.3 MeV, it is not necessary to estimate H p (O.07) behind clothing equivalent to 50 mg cm-2 of tissue when the source is close, or behind clothing of about 10 mg cm-2 , if the source is at least 30 cm (36 mg cm-2 of air) from the body. For Emax-:; 0.5 MeV, the corresponding thicknesses would be 100 mg cm -2 and 60 mg cm -2, respectively.
